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Solution structures for three members of the recently
discovered cyanovirin-N (CV-N) homolog family of
lectins have been determined. Cyanovirin-N homo-
logs (CVNHs) from Tuber borchii, Ceratopteris
richardii, and Neurospora crassa, representing each
of the three phylogenetic groups, were selected. All
proteins exhibit the same fold, and the overall struc-
tures resemble that of the founding member of the
family, CV-N, albeit with noteworthy differences in
loop conformation and detailed local structure. Since
no data are available regarding the proteins’ function
or their natural ligands, extensive carbohydrate-bind-
ing studies were conducted. We delineated ligand-
binding sites on all three proteins by nuclear magnetic
resonance and identified which sugars interact by
array screening. The number and location of binding
sites vary for the three proteins, and different ligand
specificities exist. Potential physiological roles for
two family members, TbCVNH and NcCVNH, were
probed in nutrition deprivation experiments that
suggest a possible involvement of these proteins in
lifestyle-related responses.
INTRODUCTION
Orphan proteins are functionally unidentified proteins lacking
any significant sequence or fold similarity to any known protein
(Siew and Fischer, 2004). An important step toward deorphani-
zation is the structural and/or functional identification of an
orphan homolog (or group of homologs). This process can be
challenging and lengthy (especially with regard to functional elu-
cidation). Over the last couple of years, however, considerable
progress toward shortening deorphanization can bemade by us-
ing the increasing availability of genome sequences and related
protein database resources.
A paradigmatic example of a structural and functional orphan
protein with amarked biomedical interest is cyanovirin-N (CV-N).
CV-N is a small (11 kDa) virucidal lectin originally identified in570 Structure 16, 570–584, April 2008 ª2008 Elsevier Ltd All rights raqueous extracts from the cyanobacterium Nostoc ellipsospo-
rum during screening for anti-HIV activities (Boyd et al., 1997).
The sequence of CV-N comprises 2 tandem repeats, each con-
taining 50 amino acids and 2 pairs of disulphide-bonded Cys
residues (Bewley et al., 1998; Yang et al., 1999). The solution
NMR and crystal structures of CV-N and a number of site-
specific mutants have shed light on the molecular basis of CV-N
antiviral activity, which has been shown to rely upon a striking
affinity toward high-mannose glycans (specifically Man-8 and
Man-9) on the viral envelope glycoprotein gp120 (Barrientos
et al., 2003a; Botos et al., 2002; Shenoy et al., 2002). By interact-
ing with gp120 and other mannosylated viral surface proteins,
CV-N inactivates a wide range of enveloped viruses besides
HIV, such as SIV, Ebola, influenza, and hepatitis C (Barrientos
and Gronenborn, 2005; Barrientos et al., 2003b; O’Keefe et al.,
2003). Due to its potent inhibitory action, CV-N is being evaluated
as a topical virucidal agent (Barrientos and Gronenborn, 2005;
Tsai et al., 2004).
In contrast to the wealth of information on CV-N structure and
antiviral activity, no data are available about the function or
natural ligands of CV-N in N. ellipsosporum. Also, the three-
dimensional (3D) structure is still unique in the protein structure
database. Recently, a family of CV-N homologous proteins,
collectively designated as cyanovirin-N homologs (CVNHs),
has been discovered in multicellular ascomycetous fungi and
in the fern Ceratopteris richardii (Percudani et al., 2005). CV-N
and its fern homologs are predicted to be secreted proteins,
whereas no secretion signal has been identified in any of the fun-
gal CVNHs thus far. Despite the predicted structural similarity of
CVNH proteins with CV-N based on fold-recognition algorithms,
a number of divergent features are noteworthy: (1) the absence
of the Cys residues corresponding to the two S-S bonds of
CV-N in fungal, but not fern, homologs; and (2) a poor conserva-
tion of putative sugar-binding residues, rendering predictions
about carbohydrate ligand specificity fraught with uncertainty.
In addition, multiple CVNH sequences are present in ferns and
fungi (up to five in Aspergillus oryzae), and the CVNH module is
also present in several multidomain proteins, possibly allowing
these CVNHs to act in a multifunctional manner.
CVNH-containing organisms have strikingly different lifestyles,
ranging from symbiotic, saprotrophic, to pathogenic. Therefore,
further complexity with regard to functional deorphanizationeserved
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terized by such heterogeneous lifestyles. After the original dis-
covery of CVNH genes (Percudani et al., 2005), a prokaryotic
homolog of CV-N, termed MVN (Kehr et al., 2006), was identified
in the toxin-producing cyanobacterium Microcystis aeruginosa.
MVN was shown to preferentially bind high-mannose sugars
and is thought to be involved in cell-cell recognition and/or cell-
cell attachment processes (Kehr et al., 2006). Despite this recent
microbiological study on MVN, no 3D structure of any CVNH,
apart from that of the founding member, CV-N, has been deter-
mined up to now, and structure-function relationships within this
newly identified protein family are completely opaque. Also, no
information about carbohydrate-binding specificities is available.
In order to address these open questions, we have undertaken
structural analyses of three representative members of the
CVNH family. We have determined the solution structures of
Tuber borchii, Ceratopteris richardii, and Neurospora crassa
CVNHs and derived the structural basis of sequence conserva-
tion for these proteins. Using carbohydrate glycoarrays and
direct NMR titrations, we also uncovered their sugar-binding
specificities. Altogether, the results of the present work provide
the basis for a deeper understanding of protein-carbohydrate in-
teractions in general and suggest testable hypotheses for further
elucidation of the physiological roles played by CVNHs in their
respective organisms.
RESULTS AND DISCUSSION
Amino Acid Sequence Alignment
Phylogenetic analysis of an extended set of CVNHs (a total of
39 predicted polypeptide sequences) was used to choose repre-
sentative members of the eukaryotic CVNH family for structure
determination. Three distinct CVNH groups are discernible in
the phylogenetic tree (Figure 1A). Consensus sequences for
the three CVNH groups derived from multiple sequence align-
ment are shown in Figure S1 (see the Supplemental Data avail-
able with this article online). Group I includes CV-N, two addi-
tional prokaryotic CV-like polypeptides (MVN and CaVN), five
fungal CVNHs, and the two fern CVNHs. The other groups (II
and III) are entirely composed of CVNH polypeptides from fila-
mentous Ascomycetes. Interposed between these groups are
seven CVNHs, also from filamentous Ascomycetes, that did
not cluster with any of the three major groups.
Amino acid sequence alignment for CV-N and three represen-
tative members of the CVNH family is depicted in Figure 1B.
These proteins are the CVNHs from fern (CrCVNH), T. borchii
(TbCVNH), and N. crassa (NcCVNH). TbCVNH was the first
CVNH discovered in the plant symbiotic fungus T. borchii, and
its mRNA expression is nutrient regulated (Montanini et al.,
2006). It is the only representative of this particular lifestyle.
A representative of group III is NcCVNH from N. crassa, a model
saprotrophic fungus amenable to genetic manipulation (Colot
et al., 2006). Amino acid sequence identities for these proteins
range from 19% to 28% (Table S1). Like CV-N, all CVNH mem-
bers comprise two tandem sequence repeats. Several residues
are completely conserved between the two tandem repeats, and
significant sequence identities, ranging from 11% to 40%, are
noted within each CVNH sequence and between member se-
quences (Table S2). Of these residues, the most conserved areStructureF4, L18, G27, L36, G41, N42, G45, F54, L69, G78, L87, N93,
and G96 (numbering is according to the CV-N sequence). All of
these residues are located within the hydrophobic core and
several loop regions, suggesting a critical structural role or their
involvement in carbohydrate binding.
Structures of CVNHs
The solution structures of the three new CVNH family members
were determined by NMR spectroscopy, by using uniformly
15N- and 13C/15N-labeled samples (Clore and Gronenborn,
1998). The predicted signal peptide sequence (amino acids
[aa] 1–26) was omitted from the CrCVNH1 expression construct.
Full-length coding sequences were utilized for TbCVNH (aa
1–103) and NcCVNH (aa 1–111).
1H-15N HSQC spectra for the three proteins are displayed in
Figure 2. Chemical shift assignments are 92.7%, 98.4%, and
94.2% complete for CrCVNH, TbCVNH, and NcCVNH, respec-
tively. Use of the automatic NOE assignment and intensity-to-
distance conversion modules incorporated in CYANA (Gu¨ntert
et al., 1997) yielded a total of 2020, 2002, and 2214 unique proton
distance constraints for CrCVNH, TbCVNH, and NcCVNH,
respectively, extracted from the 15N- and 13C-NOESY HSQC
spectra. Additionally, 78, 80, and 84 hydrogen bond constraints
for CrCVNH, TbCVNH, and NcCVNH, respectively, were derived
from observing slowly exchanging amide protons in hydrogen-
deuterium exchange experiments and from analyzing NOESY
patterns in the 15N- and 13C-NOESY spectra. Dihedral angle
constraints were predicted by using the program TALOS (Corni-
lescu et al., 1999) based on the observed chemical shifts of
CVNHs. A total of 49, 59, and 78 residues were well predicted
for c and f angles in CrCVNH, TbCVNH, and NcCVNH, respec-
tively. All experimental constraints for CrCVNH, TbCVNH, and
NcCVNH were used in structure calculations in CNS (Brunger
et al., 1998), resulting in ensembles of conformers that exhibit
backbone (heavy atom) rmsd values of 0.31 ± 0.06 (0.79 ±
0.06), 0.31 ± 0.04 (0.71 ± 0.05), and 0.27 ± 0.07 (0.79 ± 0.04)
A˚, respectively. Ensembles of 30 conformers for each protein
in Ca representation are displayed in Figure 3A. All individual
members of the ensembles exhibit excellent covalent geometry
and no violations with respect to the experimental data (Table 1).
Structural Conservation of the CVNH Fold
Each protein adopts a similar globular fold with an ellipsoidal
shape, comprised of two pseudo symmetrical halves, termed
domains A and B, consistent with the definition previously
described for the founding member, CV-N (Bewley et al., 1998)
(Figure 3A). Domain A comprises residues 1–40 and residues
92–104 for CrCVNH (53 residues), residues 1–40 and residues
93–103 for TbCVNH (51 residues), and residues 1–42 and resi-
dues 100–111 for NcCVNH (56 residues). Domain B, on the other
hand, extends from residue 41 to residue 91 in CrCVNH (51 res-
idues), from residue 41 to residue 92 in TbCVNH (52 residues),
and from residue 43 to residue 99 in NcCVNH (57 residues).
Note that the tandem sequence repeats do not constitute the
individual domains. Instead, each domain is formed by strand
exchange between the two repeats. The secondary structure
elements in domain A are formed by a triple-stranded b sheet
(b1, b2, and b3), a b hairpin (b9 and b10), and two 310-helical
turns (a1 and a2), again similar in the parent molecule CV-N.16, 570–584, April 2008 ª2008 Elsevier Ltd All rights reserved 571
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The Cyanovirin-N Lectin FamilyFigure 1. Phylogenetic Tree of the CVNH Family and Sequence Alignment of CV-N and Three CVNH Members
(A) Cladogram of 39 predicted CVNH polypeptide sequences (labeled in color along with the three CVNH members studied here). The unrooted tree was
constructed by neighbor-joining analysis of genetic distances (proportional to branch lengths, as indicated by the bar scale); accession numbers are preceded
by the initials of the binomial organism name.
(B) Sequence alignment of CV-N, CrCVNH, TbCVNH, and NcCVNH. The first and second sequence repeats are displayed in the upper and lower panel, respec-
tively. Identical and similar residues among the four proteins are magenta and slate, respectively. Orange brackets indicate the location of the disulphide bridges
between Cys residues in CV-N, and all corresponding Cys residues in the other sequences are labeled in yellow. Residues involved in b bulges in strands b1 and
b6 are underlined.Likewise, domain B is composed of a triple-stranded b sheet
(b6, b7, and b8), a b hairpin (b4 and b5), and two 310-helical turns
(a3 and a4) (Figure 3A). It is worth noting, however, that the first
310-helical turn (a1) that is present in CV-N is not stably formed at
the N terminus of domain A in NcCVNH. Considerable conforma-
tional flexibility is implicated for the first 6 residues, and no amide
resonances were observed in the 1H-15N HSQC spectrum for
these residues. This is most likely caused by exchange line
broadening beyond detection.572 Structure 16, 570–584, April 2008 ª2008 Elsevier Ltd All rights reConsistent with the large number of restraints, all structures
are well defined, and the overall fold of the three new members
closely resembles that of the founding member, CV-N (Figures
3A and 3B). Structural comparison between CVNH members
and CV-N yields backbone rmsd values of 1 A˚, with TbCVNH
being the closest to CV-N (Table S1). Similar values were also
observed for all pairwise comparisons between the three new
members (Tables S1 and S3). This close similarity in fold is
caused by significant amino acid conservation throughout theserved
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The Cyanovirin-N Lectin FamilyFigure 2. 1H-15N HSQC Spectra of CVNH
Proteins
(A–C) The spectra were recorded on 15N-labeled sam-
ples of (A) CrCVNH, (B) TbCVNH, and (C) NcCVNH.
Assigned backbone amide resonances are labeled
by a single amino acid code and residue number.
Side chain amino resonances of Gln and Asn are
connected by horizontal lines. TbCVNH and NcCVNH
contain 3 extra residues (Gly-Ser-His) at their N ter-
mini, and CrCVNH contains 8 extra residues
(LEHHHHHH) at its C terminus. No amide resonances
are observed for these tag residues due to rapid sol-
vent exchange. Unassigned side chain resonances
of Arg are indicated by an asterisk. Note that the
backbone amide resonance of NcCVNH W52 is
folded (in [C]).Structure 16, 570–584, April 2008 ª2008 Elsevier Ltd All rights reserved 573
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The Cyanovirin-N Lectin FamilyFigure 3. The Globular Fold of CVNH Proteins
(A) Stereoviews of the 40 conformer ensembles (Ca representation) of the founding member, CV-N (PDB: 2EZM), and of the three CVNH proteins (30 structures
each). For CrCVNH, only residues 1–104 are shown since the last 12 residues at the C terminus are flexible and predominantly random. The A domains in
CV-N, CrCVNH, TbCVNH, and NcCVNH are magenta, yellow, slate, and green, respectively, and the B domains are gray. Secondary structure elements
are labeled.
(B) Stereoviews of the domain interfaces for all four proteins. Side chains that are involved in hydrophobic contacts are labeled and color coded as in (A).hydrophobic core and at the domain interface of individual
CVNH structures. In domain A, these interface residues are F4,
I13, L18, L37, and I40 in CV-N, F5, L14, L19, L37, and I41 in
CrCVNH; Y3, L12, L19, L37, and I41 in TbCVNH; and F3, I12,
L21, L39, and I43 in NcCVNH. The corresponding residues in
domain B are F54, L63, L69, L87, and I91 in CV-N; F55, L64,
L70, L88, and V92 in CrCVNH; F55, L64, L71, L90, and I93 in
TbCVNH; and F57, F66, L78, L96, and V100 in NcCVNH.
Unlike CV-N, which can exist both in monomeric and
domain-swapped dimeric forms, thus far we have not observed
a domain-swapped structure for any of the present CVNH mem-
bers. In the dimeric formof CV-N, as observed both in the solution
and crystal structures (Barrientos et al., 2002; Yang et al., 1999),
half of one polypeptide chain is swapped between the two dimer
halves. For CV-N, we demonstrated that high concentration and
a small degree of destabilization (slightly elevated temperature)574 Structure 16, 570–584, April 2008 ª2008 Elsevier Ltd All rights reare the main contributory factors to domain swapping, and that
the domain-swapped dimer is a trapped folding intermediate
(Barrientos et al., 2002). It was also shown that the amino acid
composition of the hinge-loop region that comprises residues
W49Q50P51S52N53 (Figure 1B) plays an important role (Barrientos
et al., 2002; Kelley et al., 2002). It is interesting to note that signif-
icant sequence variability is present in the equivalent region of all
three CVNH members. CrCVNH contains a Pro, whereas no Pro
is present in the other two members. When aligning the loop
residues with respect to the conserved aromatic residue (W49 in
CV-N), the Pro is replaced byMet in TbCVNH (W50G51M52Q53N54)
and by Gly in both NcCVNH (W52G53G54Q55N56) and CrCVNH
(Y50P51G52E53S54) (Figure 1B). In CrCVNH, however, a Pro is
located adjacent to the aromatic residue Y50, whereas in CV-N
a Glu is found between the Trp and Pro residues. Interestingly,
the Pro inCrCVNH is foundpredominantly in the cis conformation,served
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characteristic NOESY pattern between Ha and Hd (Schubert
et al., 2002; Figure S2). The cis conformation of P51 results in a
local structure that allows for hydrophobic interactions with the
neighboring residues (V91 and I41) and thereby permits the loop
region to adopt a more stably folded conformation in CrCVNH.
In contrast, the Pro in CV-N is predominantly trans in the mono-
meric wtCV-N (PDB code: 2EZN) (Bewley et al., 1998) and
cpCV-N (PDB code: 1N02) (Barrientos et al., 2003a), as well as
in the dimeric (PDB code: 1L5B) solution structures (Barrientos
et al., 2002). The same holds for the crystal structure of the
domain-swapped dimer (PDB code: 1M5M) (Botos et al., 2002).
Clearly, the detailed energetics of this region have major conse-
Table 1. NMR and Refinement Statistics for Structures
of CrCVNH, TbCVNH, and NcCVNH
CrCVNH;
116 aa,
30 Structures
TbCVNH;
103 aa,
30 Structures
NcCVNH;
111 aa,
30 Structures
NMR Distance and Dihedral Constraints
Distance constraints
Total NOE 2020 2002 2214
Intraresidue
(ji  jj = 0)
365 467 393
Interresidue
Sequential
(ji  jj = 1)
614 525 584
Medium-range
(1 < ji  jj < 5)
297 243 362
Long range
(ji  jj > 5)
744 767 872
Hydrogen bonds 78 80 84
Dihedral angle constraints
f 49 59 77
c 50 60 78
Structure Statistics
Violations (mean and SD)
Distance
constraints (A˚)
0.034 ± 0.001 0.021 ± 0.001 0.022 ± 0.001
Dihedral angle
constraints ()
0.631 ± 0.105 0.665 ± 0.087 0.768 ± 0.070
Maximum dihedral
angle violation ()
5 5 5
Maximum distance
constraint violation (A˚)
0.5 0.5 0.5
Deviations from idealized geometry
Bond lengths (A˚) 0.006 ± 0.000 0.004 ± 0.000 0.004 ± 0.000
Bond angles () 0.639 ± 0.024 0.481 ± 0.009 0.523 ± 0.010
Impropers () 0.500 ± 0.052 0.453 ± 0.016 0.485 ± 0.014
Mean rmsda (A˚)
Heavy atoms 0.79 ± 0.06 0.71 ± 0.05 0.79 ± 0.04
Backbone atoms
(Ca, N, C0)
0.31 ± 0.06 0.31 ± 0.04 0.27 ± 0.07
aCalculated for residues 2–102 (of 103 LKTB residues), 2–103 (of 116
LKF1 residues), and 10–110 (of 111 LKNC residues) of each conformer
with respect to the mean structure.Structurequences for the stability of the monomeric and domain-swapped
dimeric forms of these molecules (Barrientos et al., 2003a).
Detailed Structural Features of CVNHs
Similarities
In addition to the above-noted conservation of hydrophobic
residues that is intimately related to the fold preservation, small
polar residues are also conserved to varying degrees. Strictly
retained are Ser/Thr residues at positions S8/S58 in CrCVNH,
S6/S58 in TbCVNH, and T6/T60 in NcCVNH (Figure 1B). In
CV-N, the corresponding Ser/Thr residues are T7 and T57
(Bewley et al., 1998). Mapping these polar residues onto the
structures of each CVNH reveals that they play equally important
structural roles as the hydrophobic amino acids. They are in-
volved in essential hydrogen bonds that connect the helical
turn a1 to strand 9 and turn a3 to strand 6 (T6 in NcCVNH is flex-
ible, however). It is also interesting to note that these Ser/Thr res-
idues all precede the conserved Cys residues in CV-N (C8 and
C58) and CrCVNH (C9 and C59) or the corresponding Ser or
Ala residues in TbCVNH (S7 and S59) and NcCVNH (A7 and
A61), respectively. In CV-N, these Cys residues are involved in
the formation of S-S bonds. Therefore, for all CVNH members,
the hydrogen bonds formed by these conserved Ser/Thr resi-
dues also function to correctly position the b hairpin on top of
the triple-stranded sheet via long-range side chain H bonds.
Other residues that are highly conserved are Gly and Asn.
In particular, G28, G46, G79, G96, N43, and N95 in CrCVNH;
G28, G46, G80, G98, N43, and N95 in TbCVNH; and G30,
G48, G87, G105, N45, and N102 in NcCVNH are retained. In
CV-N, these residues are G27, G45, G78, G95, N42, and N94
(Bewley et al., 1998). In the corresponding CVNH structures,
these Gly and Asn residues are located in the loops between
strands 2 and 3, strands 4 and 5, strands 7 and 8, and strands
9 and 10, respectively. Thus, the conservation of Gly and Asn
residues occurs mainly within the loop regions. These loops
are found at both ends of the ellipsoidal CVNH molecules, con-
stituting part of the sugar-binding sites. Therefore, although
not conserved for structural reasons, they may play pivotal roles
in determining the carbohydrate specificity of the various
members of the CVNH family.
Even seemingly small secondary structure features, such as
the presence of b bulges, are conserved in members of the
CVNH family. Interestingly, these b bulges occur irrespective of
the amino acid composition within the bulge (Figure 1B). All
bulges are located at the beginning of two strands (strands b1
and b6). In CrCVNH, the bulge residues are G11 and V12 in
strand 1 and K61 and T62 in strand b6. In TbCVNH, the equiva-
lent residues are N9 and A10 (strand b1) and D61 and I62 (strand
b6); in NcCVNH, they are D9 and A10 (strand b1) andD63 and I64
(strand b6). In all CVNH structures, these b bulges are flanked
by two hydrogen bonds. In CrCVNH the hydrogen bonds are
formed between the carbonyl oxygen of T10 and the amide
hydrogen of D22, in TbCVNH they are formed between the
carbonyl oxygen of R8 and the amide hydrogen of E22, and
in NcCVNH they are formed between the carbonyl oxygen of
E8 and the amide hydrogen of R24. The other hydrogen bond
is made up by the amide hydrogen of E13 and the carbonyl
oxygen of R20 in CrCVNH, by the amide hydrogen of V11 and
the carbonyl oxygen of R20 in TbCVNH, and by the amide16, 570–584, April 2008 ª2008 Elsevier Ltd All rights reserved 575
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The Cyanovirin-N Lectin FamilyFigure 4. Structural Differences among CVNH Proteins
(A and B) Stereoviews around the disulphide bridges in (A) the A domains and (B) the B domains. Cys residues and their equivalents are displayed in stick rep-
resentation; the polypeptide backbone is shown as a Ca trace. CV-N, CrCVNH, TbCVNH, and NcCVNH are magenta, yellow, slate, and green, respectively.
(C and D) Stereoviews (Ca trace only) of the loop conformations connecting strands (C) b1 and b2 and (D) strands b6 and b7. Note that both loops in NcCVNH are
at least 4 residues longer than those in CV-N, TbCVNH, or CrCVNH.hydrogen of R11 and the carbonyl oxygen of F22 in NcCVNH. For
the bulge located in strand b6, these hydrogen bonds are be-
tween V60 and S73 in CrCVNH, between E60 and R74 in
TbCVNH, and between E62 and R81 in NcCVNH before the
bulge and between A63 and T71 in CrCVNH, between K63 and
T72 in TbCVNH, and between R65 and R79 in NcCVNH after
the bulge. These bulges were also observed in the founding
member, CV-N (Bewley et al., 1998). In general, b bulges in pro-
teins are known to compensate for single-residue insertion or
deletion within a b structure (Richardson et al., 1978). Given
the fact that strands b1 and b6 are located next to each other,
but are not involved in sheet formation, these conserved bulges
most likely play a structural role in the relative positioning and the
overall fold of CVNHs. Indeed, for all CVNH members, the pres-
ence of b bulges allows for perfect interdigitation of the con-
served hydrophobic residues on strand b1 (L14, L12, I12, and
I13 in CrCVNH, TbCVNH, NcCVNH, and CV-N, respectively)
and strand b6 (L64, L64, F66, and L63 in CrCVNH, TbCVNH,
NcCVNH, and CV-N, respectively). As a result, these interactions
orient the two pseudo symmetric halves of the molecule in
a unique fashion.
Detailed Structural Features of CVNHs
Differences
Despite the significant degree of sequence conservation and
high structural similarity among CVNH members, several clear576 Structure 16, 570–584, April 2008 ª2008 Elsevier Ltd All rights redifferences have emerged. The first involves the presence or ab-
sence of disulphide bonds. Based on the original CV-N structure
and initial biochemical data, it appeared that the disulphides
were critical for maintaining the fold and activity of the molecule
(Mori et al., 1997). Interestingly, equivalent S-S bonds to those
in CV-N (between C8-C22 and C58-C73) are only found in
CrCVNH (between C9-C23 and C59-C74; Figures 4A and 4B,
respectively). In CrCVNH, an additional disulphide bond is pres-
ent, namely, between C3 and C102. For the other two proteins,
TbCVNH and NcCVNH, no S-S bridges are seen. In TbCVNH,
only one Cys residue, corresponding to C22 of CV-N, is con-
served. The other Cys residues are replaced by S7 (CV-N C8),
S59 (CV-N C58), and P75 (CV-N C73). One Cys is present at po-
sition 72, three amino acids away from P75. However, given that
no possible interacting Cys is found in the vicinity of position 58,
no disulphide bond can be formed. In NcCVNH, all correspond-
ing Cys residues are replaced by hydrophobic residues (Ala at
positions 7/61 and Leu at positions 25/82). These residues are
buried, and hydrophobic interactions substitute for the covalent
S-S bonds present in CV-N.
A second area of significant differences concerns the loop
regions between b strands, especially those connecting strands
1 and 2 and strands 6 and 7 (Figures 4C and 4D, respectively).
The number of residues within the loops varies considerably,
and their orientation is also different. The loops between strands
1 and 2 and between strands 6 and 7 in TbCVNH contain oneserved
Structure
The Cyanovirin-N Lectin FamilyFigure 5. Domain Orientation and Structural Details within Each CVNH Structure
(A and B) Best-fit superpositions for residues in (A) domain A only (b1-b3 and b9-b10) and (B) domain B only (b4-b5 and b6-b8). CV-N, CrCVNH, TbCVNH, and
NcCVNH are magenta, yellow, slate, and green, respectively.
(C) Side chains of additional residues (colored, stick representation) surrounding the hydrophobic domain interface (gray, Figure 3B) that contribute to orient the
individual domains.more residue thanCrCVNH or CV-N. These loops in NcCVNH are
at least 4 residues longer than the equivalent loops in TbCVNH or
CrCVNH. An increase in the loop length is clearly noted for all
members of the fungi family and MV-N, the closest homolog to
CV-N. This is particularly true for the loop connecting strands 6
and 7. Inspection of the NcCVNH structure shows that the
lengthened loop connecting strands 1 and 2 is now close
to the third 310-helical turn (a3) and in contact with the beginning
of strand 6. For example, V14 interacts with I64, and polar inter-
actions between D16, N17, R18, and T19 in the loop occur with
N56, T58, and E59 on the third 310-helical turn (a3). Loop exten-
sions therefore may play a role in influencing the local conforma-
tion in this region of the protein. We believe that the extended
loop between strands 6 and 7 can also function in this manner,
i.e., stabilizing other regions of the protein, such as the first
310-helical (a1) turn at the N terminus. The presence of two Pro
residues at the beginning and end of this loop, however, causes
it to extend out from the main body of the protein, with the Pro
residues functioning as stiff hinges. Indeed, a Pro at the end of
the loop is conserved in all group III CVNHs. Such a protruding
loop does not interfere with the large, conserved His residue in
the N-terminal 310-helical turn in fungal CVNHs, compared to
the much smaller Ala or Ser residues in other CVNHs. In
NcCVNH, on the other hand, the first 6 residues at the N terminus
are highly flexible and no stable 310-helical turn (a1) is observed.
This is evidenced by very weak resonances for Glu8 and Ala7 in
the 1H-15N HSQC, 3D HNCACB, and 3D CBCA(CO)NH spectra
and by the absence of amide resonance for Thr6 in the 1H-15N
HSQC spectrum.
A third significant difference entails the b8 strand of TbCVNH
(Figure 1B). It is shorter than the corresponding strands in
CV-N, CrCVNH, and NcCVNH and comprises only residues
G87, I88, and D89. By inspecting the region between residues
G80 and I93 (Figure 1B), it can be seen that TbCVNH containsStructure9 residues between G80 and L90 and only 2 between L90 and
I93, compared to 8 and 3 residues in the other members, respec-
tively. This causes a displacement from perfect alignment with
the neighboring strand 4, and distorts the b sheet hydrogen
bonding. In addition, the presence of a Pro residue at position
75 in b strand 7 adds to the irregularity due to the loss of a hydro-
gen bond acceptor. On the other hand, the 1-residue deletion
between L90 and I93 does not alter the 310-helical turn (a4),
and the conserved L90 and I93 residues stay buried in the hydro-
phobic core. Therefore, this change in sequence only alters the
local conformation of b strand 8, not the overall topology of
TbCVNH.
Finally, we note that the relative orientation of the two domains
is different for all CVNH members studied here. This different
orientation is vividly apparent upon superposition of the A do-
mains and inspection of the relative orientation of the B domains
(Figure 5A). Upon superposition of only the A domains, notable
differences are clearly observed in the second 310-helical turn
(a2), the b hairpin composed of strands 4 and 5, the hinge pre-
ceding a3, the loop connecting strands 7 and 8, and the fourth
310-helical turn (a4). Equivalent observations hold for the super-
position of the B domains (Figure 5B). The major determinant for
these orientational variations is a different residue composition
around the pseudo two-fold axis. The core at the C2 axis
comprises residues in the second and the fourth 310-helical turns
(a2 and a4) and the tips of strands 4, 5, 9, and 10. These are
L36NSV39, L36NYY39, L37DTC40, and L39DQI42 for the second
310-helical turn (a2) in CV-N, CrCVNH, TbCVNH. and NcCVNH,
respectively. Residues L87DDH90, L88NYV91, L90NR92, and
L96TEI99 constitute the fourth 310-helical turn (a4) in CV-N,
CrCVNH, TbCVNH, and NcCVNH, respectively. The tips of
strands 5 and 10 are formed by W49 and Y101 in CV-N,
by Y50 and P101 in CrCVNH, by W50 and F102 in TbCVNH,
and by W52 and A109 in NcCVNH. Naturally, different residues16, 570–584, April 2008 ª2008 Elsevier Ltd All rights reserved 577
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in each protein (Figure 5C). For example, in CV-N, W49 is buried
in the hydrophobic core and interacts with H90, and its N3H in-
teracts with the carboxylate group of D89 (Bewley et al., 1998).
Through these interactions, the tip of strand 5 is connected to
the fourth 310-helical turn (a4). On the other side of the interface,
V39makes hydrophobic contacts with Y100, and, in thismanner,
the tip of strand 10 interacts with the second 310-helical turn (a2).
In CrCVNH, W49 of CV-N is replaced by Y50, and the side chain
of Y50 is not deeply buried in the interface core. However, it still
contacts V92, corresponding to H90 in CV-N, through its Ha and
Hb protons. Stabilization of the side chain conformation of Tyr50
is achieved by an aromatic stacking interaction with a nearby
tyrosine ring (Y90). As a consequence, the tip of strand b5 and
the fourth 310-helical turn (a4) interact through Y50 and V92 in
CrCVNH, and the distance between them is shorter in CrCVNH
than in CV-N. The tip of strand b10 in CrCVNH is also in contact
with the second 310-helical turn (a2) via Y40 and P101. This inter-
action is slightly less intimate than in CV-N (V39-Y101), given the
conformational restrictions imposed by a Pro residue, although
the distance between the tip of strand b10 and the second
310-helical turn (a2) is similar in both CrCVNH and CV-N. Due
to these differences, the interface surfaces in CrCVNH and CV-
N are distinct, causing a slightly altered relative domain orienta-
tion in the two proteins.
Equivalent adjustments of packing interfaces are observed
in TbCVNH and NcCVNH. In TbCVNH, W50, like W49 of CV-N,
is buried in the hydrophobic core (Figure S3) and engages in
hydrophobic contacts with the aliphatic portion of the K92 side
chain. Additionally, the N3H of W50 is also close to the backbone
carbonyl of D89, where it is possibly involved in hydrogen bond-
ing. On the other side of the interface, V39 and Y101 of CV-N are
substituted by C40 and F102, respectively, in TbCVNH, and
undergo equivalent interactions. Since the highest similarity is
noted for interface residues in CV-N and TbCVNH, those two
structures exhibit the lowest pairwise rmsd values (Table S1).
In NcCVNH, W49 and H90 of CV-N are substituted by W52
and I99, respectively. In this structure, the side chain of W52
is exposed, and the side chains of I99 and I42 take up all of
the available space at the pseudo C2 axis. This is evidenced
by a pronounced lack of NOEs in the 15N- and 13C-NOESY
HSQC spectra involving the W52 side chain (Figure S3).
In addition to the different amino acid composition around the
pseudo two-fold axis, variations in residues that engage in inter-
repeat contacts may also play a role in the positioning of struc-
tural elements in the CVNHs (Figure 5C). Those residues are
similar, but not strictly conserved, and they are located close to
the interface at the pseudo two-fold axis (I34, L47, I85, and L98
in CV-N; I35, L48, M88, and M99 in CrCVNH; L35, L48, I88, and
L99 in TbCVNH; and Y37, F50, V94, and F107 in NcCVNH).
It is interesting to note that members of group III CVNHs, rep-
resented by NcCVNH, exhibit a preference for large aromatic
residues at positions that exhibit sequence variation. As a result,
gaps between the sequence repeats, namely, between strands
b3 and b10 and between strands b5 and b8, are much larger in
NcCVNH compared to CV-N, TbCVNH, or CrCVNH. In CrCVNH,
long nonpolar residues, such as Met, replace some of the
branched hydrophobic residues. However, the interrepeat gap
is not as large for the Met substitution as it is for aromatic substi-578 Structure 16, 570–584, April 2008 ª2008 Elsevier Ltd All rightstutions. By comparing TbCVNH with CV-N, it can be seen that
very similar hydrophobic residues make up the interrepeat con-
tacts, contributing to the highest structural similarity (lowest
atomic rmsd) between these two proteins.
Mana(1-2)Man Binding
CV-N’s anti-HIV activity is associated with its binding to N-linked
high-mannose glycans, Man-8 and Man-9, on the viral envelope
glycoprotein gp120 (Barrientos and Gronenborn, 2005). The
epitopes that are recognized by CV-N on Man-8 and Man-9
are the reducing Mana(1-2)Man ends of the D1 and D3 arms of
these glycans (Botos et al., 2002). As a first step toward delineat-
ing the carbohydrate specificity for the three new members of
the CVNH family, we carried out titrations with Mana(1-2)Man
and monitored chemical shift perturbations by 1H-15N HSQC
spectroscopy.
For all three CVNHs, these experiments revealed binding of
Mana(1-2)Man disaccharides and allowed us to map the binding
sites on the protein structures (Figure 6). For CrCVNH, two car-
bohydrate-binding sites were found, one on domain A and one
on domain B. For TbCVNH and NcCVNH, only one binding site
was present, on domain A and domain B, respectively. A list
of all residues whose resonances were affected by sugar binding
is provided in Table S4. It should be noted that all titrations were
carried out at a 40 mMprotein concentration up to a final ten-fold
molar excess of the Mana(1-2)Man ligand, ensuring that low
micromolar interactions can be detected. Therefore, any binding
with a dissociation constant of 50 mM or less is easily detected.
As a control, we also carried out chemical shift mapping exper-
iments at a higher protein concentration (0.345 mM), in the pres-
ence of a proportionally increased sugar concentration. No
further perturbation of any other residue was noted for TbCVNH
or for NcCVNH, thus confirming a single Mana(1-2)Man-binding
site for these two CVNHs and two sites for CrCVNH. In the latter,
the two binding sites are located at positions equivalent to those
in CV-N. Perturbed residues are found in the first 310-helical turn
(a1), in the loop connecting strands 2 and 3, and in the b hairpin
of strands 9 and 10 in domain A, and in the third 310-helical
turn (a3), in the loop connecting strands 7 and 8, and in the b hair-
pin of strands 4 and 5 in domain B. In TbCVNH and NcCVNH,
containing only a single Mana(1-2)Man-binding site, each equiv-
alent location was observed. In domain A of TbCVNH, the first
310-helical turn (a1), the loop connecting strands 2 and 3, and
the b hairpin of strands 9 and 10 contain affected amino acids,
and in domain B of NcCVNH, perturbed resonances belong to
residues in the third 310-helical turn (a3), in the loop connecting
strands 7 and 8, and in the b hairpin of strands 4 and 5.
Although the absence of a second Mana(1-2)Man-binding site
on TbCVNH and NcCVNH was initially surprising, it can be
explained based on the particular structural features of these
two CVNHs. The first 6 residues in domain A of NcCVNH are flex-
ible and undergo conformational exchange, leading to extreme
broadening of the associated resonances. Thus, the 310-helical
turn a1 that contributes to the sugar-binding site is not stably
formed, resulting in the loss of the concave pocket required for
Mana(1-2)-Man binding. Thus, NcCVNH only possesses a bind-
ing site on domain B. In TbCVNH, the disorder of the loop
connecting strands 8 and 9 and the wider gap between this
and the neighboring loop that connects strands 4 and 5 preventreserved
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(A–C) Superposition of 1H-15N HSQC spectra without (black) and with (colored) excess Mana(1-2)Man for (A) CrCVNH, (B) TbCVNH, and (C) NcCVNH. Affected
resonances are labeled by amino acid type and number. They are listed in Table S4.
(D–F) Structural mapping of sugar-binding sites onto space-filling representations of the 3D structures of (D) TbCVNH, (E) CrCVNH, and (F) NcCVNH. Residues
corresponding to strongly, moderately, and weakly affected resonances are red, orange, and yellow, respectively.the formation of a binding pocket on domain B, leaving a sole site
on domain A. This is caused by the insertion of an amino acid in
strand 8 and the presence of two Pro residues, P44 and P75,
located at the beginning of the loop sequence (Figure 1B). Inser-
tion of an extra residue in strand 8 shifts the position of the
aromatic Phe (F82) one residue away from that in other CVNH
members. As a consequence, R83, with its long side chain
pushes, the beginning of strand 8 away from loop 4-5, whereas
the F82 side chain makes hydrophobic contacts with residues in
strands 6 and 7. In addition, the presence of the two Pro residues
alters the connection between strands 4 and 5 (P44) and be-
tween strands 7 and 8 (P75), rendering these two loops even
more disordered than in the other homologs, as evidenced by
the lack of NOEs in the 15N- and 13C-NOESY HSQC spectra.
With respect to the amino acid type, resonances that are most
affected by sugar binding belong to Ser, Thr, Arg, Lys, Asx, and
Glx. Not surprisingly, these are polar residues that can interact
with the hydroxyl groupsofMana(1-2)Man via hydrogenbonding.
Additionally, their side chains are commonly exposed on protein
surfaces, allowing for easyaccess. Indeed, in theavailable crystal
structures of CV-N complexed with Man-9 and hexamannose
(Botos et al., 2002), most interactions involve hydrogen bonds
between the hydroxyl groups of C3, C4, and C6 in the mannose
rings and the polar side chains of these particular residues.
Further corroboration and delineation of the interaction of
Mana(1-2)Man with the CVNH proteins was derived from inter-
molecular NOEs. Several crucial contacts between proteins
and sugars were observed, for example between the Hb protonsStructureof Ser6 andSer7 of TbCVNHand themethylene groupof C6 (data
not shown).
Additional CVNH-Sugar Interactions Identified
by Glycoarray Screening and NMR Titration
To gain insight into sugar-binding specificity, various standard
assays with immobilized heparin, chitin, and mucin, with appro-
priate lectin controls, were initially carried out for both TbCVNH
and NcCVNH. No interactions were detected, however. Subse-
quently, we carried out a series of glycan array screening exper-
iments against a set of over 200 glycans covering a variety of
complex, hybrid, and high-mannose derivatives (Raman et al.,
2006) (http://www.functionalglycomics.org/static/index.shtml).
CV-N served as a positive control for these experiments, which
were conducted by both direct fluorochrome labeling of the pro-
teins and indirect, antibody-mediated detection. Different glycan
specificities were noted (Figure 7). CV-N and NcCVNH inter-
acted with several high-mannose glycans (sugars I–VI), whereas
TbCVNH only bound two of the oligomannoses (sugars I and III).
Unique among the examined proteins, TbCVNH was found to
bind three linear, mannose-lacking sugars made up of glucose
only (VII, VIII) or a combination of glucose, galactose, and N-
acetyl glucosamine connected by b linkages (IX). Thus, TbCVNH
appeared to be a more promiscuous lectin.
To further explore and verify sugar recognition and specificity,
we carried out a large number of NMR titrations for TbCVNHwith
18 additional monosaccharides, disaccharides, and sugar alco-
hols that are not represented in the glycan array (the list of these16, 570–584, April 2008 ª2008 Elsevier Ltd All rights reserved 579
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The results are provided for CV-N, TbCVNH, and NcCVNH. Relative fluorescence unit (RFU) values are the average (±SE) of six replicates, from which the max-
imum and minimum RFUs were removed. Mannose, glucose, and galactose units are depicted as green, blue, and yellow circles, respectively, and GlcNAc is
depicted as a blue square. A list of the glycans present on the arrays can be found at http://www.functionalglycomics.org/static/index.shtml.sugars is provided in the Supplemental Data). These titrations
were carried out at a protein concentration of 0.100 mM and
using up to a 30-fold molar excess of ligands. Among all the
above-listed sugars, TbCVNH interacted only with sucrose
(Glca(1-2)Frc) (Figure 8). From the pattern of affected reso-
nances it was evident that the binding site for sucrose is in the
same location as the one for Mana(1-2)Man, with only a few dif-
ferences. For instance, the degree of pertubation is larger for the
interaction with sucrose for residues V96 and R24. Whereas the
V96 resonance is moderately affected in the Mana(1-2)Man titra-
tion, a substantial shift occurs upon interaction with sucrose, and
R24 is only weakly affected byMana(1-2)Man, whereas it ismod-
erately affected by sucrose. The reverse scenario applies to res-
idues S2 and Y3. These two residues are very strongly affected
by Mana(1-2)Man, but only moderately affected in the sucrose
titration. Therefore, although TbCVNH uses the same overall
binding site for Mana(1-2)Man and sucrose, the detailed con-
tacts between these two different ligands and the amino acids
that line the binding sites are clearly distinct. The possibility
that any disaccharide with an a(1,2) linkage might be recognized
by this lectin was ruled out by a chemical shift titration experi-580 Structure 16, 570–584, April 2008 ª2008 Elsevier Ltd All rights rement with the a(1,2) disaccharide, kojibiose (a-D-Glc-(1/2)-D-
Glc), that showed no perturbation at all (data not shown). The
above-described results for TbCVNH suggest that sucrose
could mimic an unidentified natural ligand, given the fact that
glucose, fructose, and mannose, but not sucrose, are optimal
(growth-promoting) carbon sources in T. borchii (Ceccaroli
et al., 2001). Parallel titrations carried out with both CrCVNH
and NcCVNH confirmed that sucrose binding appears to be
a unique feature of TbCVNH.
Recognition by TbCVNH of both Mana(1-2)Man and sucrose
may involve a common stacking feature of the two sugar rings
in these twomolecules that may result in an overall similar shape.
Glucose and mannose are six-membered rings and in their chair
conformation differ only in the hydroxyl group at the C2 position,
which is axial in mannose and equatorial in glucose. Fructose, on
the other hand, is a five-membered ring. In Mana(1-2)Man, the
two mannoses are both in the a-conformation and are linked
through an a(1,2) glycosidic bond, preferring a stacked confor-
mation. In sucrose, glucose and fructose are also linked through
an a(1,2) glycosidic bond; however, unlike Mana(1-2)Man,
glucose is in the a-conformation, whereas fructose is in theFigure 8. Interaction of TbCVNH with Su-
crose
Superposition of 1H-15N HSQC spectra without
(black) and with (slate) excess sucrose. Affected
resonances are labeled by amino acid type and
number.served
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The Cyanovirin-N Lectin FamilyFigure 9. Immunoblot Analysis of Nutrient-State-Dependent Protein Amounts and Localization
The analyses were carried out for the fungal CVNHs (left) T. borchii and (right) N. crassa. The left-hand panels, labeled C, contain samples grown in nutrient-rich
medium, whereas the right-hand panels, labeled G, display samples obtained from glucose-depleted growth medium. F1–F3 correspond to pelleted material
at 1,500 3 g, 14,000 3 g, and 100,0003 g, with F4 representing a cytosolic supernatant. Each fraction was separated by SDS-PAGE and western-blotted with
anti-TbCVNH or anti-NcCVNH antiserum. The positions of molecular mass markers are indicated at the left.b-conformation. Despite these differences, an overall stacked
conformation is preferred, even if some of the details are
different. In the crystal structures of CV-N, complexed with
high-mannoses, hydroxyl groups at C3, C4, and C6 are involved
in the formation of a hydrogen bond network (Botos et al., 2002),
and a similar scenario may hold for TbCVNH. The fact that glu-
cose and mannose differ only in the relative position of the hy-
droxyl group at C2, allowing the hydroxyl groups at C3, C4,
and C6 to engage in equivalent hydrogen bonding, is highly sug-
gestive. The other sugar ring in sucrose, fructose, may engage in
similar H bonds via its hydroxyl groups at C3, C4, and C6. Thus,
TbCVNH appears to recognize the common hydroxyl groups in
these two sugars. This may explain why TbCVNH does not
recognize kojibiose, whose two sugar rings are not in a stacked
conformation.
Expression and Localization of Fungal CVNHs
As a first step toward delineating the potential physiological roles
of CVNHs, we probed TbCVNH and NcCVNH levels and subcel-
lular localization in mycelia grown under different nutritional
regimens (Figure 9). Both proteins were present in nutrient-suffi-
cient mycelia and were found to be predominantly associated
with particulate (membrane and organelle) fractions. No differ-
ence in NcCVNH levels were observed with or without glucose
supplementation, whereas TbCVNHwas strongly reduced under
glucose-limiting conditions.
This different nutrient-state responsiveness may be related
to the distinct lifestyles of the two CVNH source organisms. T.
borchii is a below-groundmycorrhizal fungus, whereasN. crassa
is an above-ground saprotroph. However, it may also reflect the
potential physiological roles of CVNHs. These might involve, for
example, cell-cell interaction through the recognition of specific
surface-bound sugars (and/or glycoproteins) or the sensing/
transduction of specific metabolic signals associated with the
nutrient status. Indirect support for this notion is provided by (i)
the occurrence of multiple CVNH homologs in certain organisms
(including a new TbCVNH homolog identified in a recently re-
leased EST database; Lazzari et al., 2007) possibly endowed
with distinct carbohydrate specificities, and by (ii) the fact that,
despite the lack of a recognizable secretion signal, bothStructureTbCVNH and NcCVNH are predominantly recovered in sedi-
mentable subcellular fractions (Figure 9) and are associated
with the hyphal surface (data not shown). Interestingly, a recently
identified mRNA from N. crassa (named clock-controlled gene
16 [ccg16]) codes for a protein that is identical in sequence
to NcCVNH. The ccg16 mRNA is expressed with a robust daily
rhythm andmight be related to themetabolic/nutritional changes
accompanying circadian rhythmicity in this organism (Lakin-
Thomas and Brody, 2004).
Anti-HIV and Other Assays
In order to establish whether any of the three new members
posses anti-HIV activity, the proteins were tested in a qualitative
HIV infectionassay, by usingmonomericP51GCV-Nasacontrol.
CrCVNH was the only protein for which some anti-HIV activity
was expected, given its two sugar-binding sites. NcCVNH,
despite the close resemblance of its oligomannose-binding pro-
file with that of CV-N, contains only one sugar-binding site and
thus lacks crosslinking ability, an important factor for HIV inacti-
vation (Barrientoset al., 2006;Shenoyet al., 2002). This alsoholds
true for TbCVNH, with its limited oligomannose binding and pro-
miscuous recognitionof other sugars. Preliminary results indicate
that, indeed, 1000-fold higher concentrations of CrCVNH and
NcCVNH than CV-N are required for any antiviral effect, whereas
TbCVNH is completely inactive (L.M.I.K. and A.M.G., unpub-
lished data). In addition, hemagglutination assays yielded nega-
tive results for TbCVNH and NcCVNH, but not for CV-N (A.R.V.
and S.O., unpublished data). Another factor that may influence
antiviral activity may be related to protein stability. For instance,
the anti-HIV activity of the circular permuted CV-N (cpCV-N)
variant, which is more flexible and less stable than the wild-type
protein, is 1000-fold lower than that of CV-N (Barrientos et al.,
2003a). Like cpCV-N, NcCVNH also contains a flexible region at
the N terminus, which may further impair antiviral activity.
The structures for several members of the novel CVNH family
presented here reveal a common fold that is in agreement with
expectations but is accompanied by distinct detailed conforma-
tional differences. Each protein exhibits different carbohydrate-
binding sites, with TbCVNH possessing a single binding site
on domain A, NcCVNH possessing one site only on domain B,16, 570–584, April 2008 ª2008 Elsevier Ltd All rights reserved 581
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Carbohydrate-binding specificities are distinct as well, and no
potent HIV inactivation was observed, in contrast to the founding
member, CV-N. The anti-HIV activity of CV-N has been linked to
themultivalent andmultisite interaction with glycosylated gp120,
clearly a nonphysiological activity of the protein within its organ-
ism, where roles related to cell-cell interaction, nutrient utiliza-
tion, and/or transport seem to be more likely. Finally, our results
also provide an illustrative example for assessing the risks and
successes of detailed functional predictions simply based on
sequence, or even overall structural similarity.
EXPERIMENTAL PROCEDURES
Sequence Analysis and Phylogeny Reconstruction
Multiple sequence alignments were carried out with ClustalW (Thompson
et al., 1994) and were edited with GeneDoc (http://www.psc.edu/biomed/
genedoc). New CVNHs were identified in genome sequence databases and
EST collections with tblastx. Pairwise distances for the different deduced
amino acid sequences were utilized to construct an unrooted tree with the
neighbor-joining distance method by using the MEGA 3 (Molecular Evolution-
ary Genetics Analysis) software.
Expression Constructs
Synthetic genes for TbCVNH (Midland Certified, Inc.) and CrCVNH (GenScript,
Inc.) were cloned into pET-15b(+) and pET-22b(+) expression vectors (Nova-
gen, Inc.), respectively, by using NdeI and XhoI restriction sites at the 50 and
30 ends, respectively. An N-terminal His-tagged TbCVNH and a C-terminal
His-tagged CrCVNH construct without the pelB signal peptide were gener-
ated. The coding sequence for the NcCVNH genewas amplified by PCR by us-
ing Neurospora crassa cDNA (Percudani et al., 2005) with the oligonucleotides
50-ATGTCTTTCCACGTTACCGC-30 (forward) and 50-TTAAAAACTTGGCCTG
GAACTCGCCG-30 (reverse) primers and was cloned into pET-28b(+) expres-
sion vectors (Novagen, Inc.). Due to the 7 residue cloning artifact in the pET-
28b(+) construct, the gene was then transferred into pET-15b(+) (Novagen,
Inc.), leaving only 3 additional residues after thrombin cleavage. For protein ex-
pression, E. coli BL21 (DE3) cells (Novagen, Inc.) were transformed with these
vectors, and cells were grown at 37C, induced with 1 mM IPTG, and grown at
37C or 16C. Isotopic labeling of all proteins was carried out by growing the
cultures in modified minimal media containing 15NH4Cl and/or
13C-glucose as
nitrogen and/or carbon sources, respectively.
Proteins were initially purified by Ni2+-affinity chromatography (GE Health-
care), by using a linear gradient of imidazole (20–500 mM) for elution, followed
by thrombin digestion and gel filtration on a superdex75 column (GE Health-
care) in 20 mM NaPhosphate buffer, 100 mM NaCl, 0.02% NaN3 (pH 6.0). Pu-
rified proteins were concentrated by using centriprep concentrators (Millipore)
and by simultaneously changing the buffer to 20 mM NaPhosphate, 0.02%
NaN3, 90%/10% H2O/D2O (pH 6.0).
The quaternary state of all proteins was assessed by size-exclusion chroma-
tography in conjunction with in-line multiangle light scattering and refractive
index detection. All three proteins exhibit the expected molecular masses
for monomers, and no indication for dimer formation was observed, even at
NMR protein concentrations.
NMR Spectroscopy and Structure Calculations
All NMR spectra for resonance assignments and NOE identification were re-
corded at 25C on either 15N- or 13C/15N-labeled samples. Protein concentra-
tions were 1.0, 0.5, and 1.0 mM for TbCVNH, CrCVNH, and NcCVNH, respec-
tively. The amino acid sequences of TbCVNH and NcCVNH contain 3 extra
residues (Gly-Ser-His) at the N terminus, and 8 extra residues (LEHHHHHH)
derived from the His tag are added at the C terminus of CrCVNH. Spectra
were recorded on Bruker DRX800, DRX700, and DRX600 spectrometers
equipped with 5 mm triple-resonance, three-axes gradient probes or z axis
gradient cryoprobes. Assignments for each protein were achieved (100%
backbone and >90% side chain) by using 3D HNCACB, CBCA(CO)NH,
H(CCO)-NH, (H)C(CO)-NH, and HCCH-TOCSY experiments (Bax and Grze-582 Structure 16, 570–584, April 2008 ª2008 Elsevier Ltd All rights rsiek, 1993; Clore and Gronenborn, 1998). Distance constraints were derived
from 3D simultaneous 13C- and 15N-NOESY experiments (mixing time of
120 ms) (Sattler et al., 1995). Spectra were processed with NMRPipe (Delaglio
et al., 1995) and were analyzed with NMRView (Johnson and Blevins, 1994).
NOE crosspeak assignments and intensity-to-distance calibrations were auto-
matically generated by using the programCYANA (Gu¨ntert et al., 1997). Hydro-
gen bond constraints were obtained from H/D exchange and NOESY cross-
peak analysis, and distance constraints of 1.8–2.5 A˚ (H-O) and 2.5–3.5 A˚
(N-O) were used. Backbone torsion angles (f and c) were predicted by using
TALOS (Cornilescu et al., 1999). All restraint information was applied in a sim-
ulated annealing protocol by using CNS (Brunger et al., 1998). A total of 800
structures were calculated, from which 30 structures with the lowest CNS
target function values were selected for refinement by using explicit water im-
plemented in ARIA (Linge et al., 2003). Structures were analyzed with PRO-
CHECK-NMR (Laskowski et al., 1996). For the final 30 structures of TbCVNH,
CrCVNH, and NcCVNH, 84.3%, 76.1%, and 86.6% of all residues were in the
most favored and 14.0%, 20.5%, and 12.8% of all residues were in the addi-
tionally allowed regions of the Ramachandran plot, respectively. All structural
figures were generated with PyMOL (DeLano, 2002). A summary of the exper-
imental constraints as well as pertinent structural statistics are listed in Table 1.
Titration experiments with 15N-labeled proteins in which increasing amounts
of sugars were added were followed by recording 1H-15N HSQC spectra until
no resonance shifts were observed any more, confirming the saturation of the
binding site(s). All spectra were recorded at 25C on protein samples in 20mM
NaPhosphate buffer, 0.02%NaN3 (pH 6.0) on a Bruker DRX700 spectrometer.
Immunoblot Analysis
T. borchii Vittad. mycelia (isolate ATCC 95640) were grown on potato dex-
trose-agar (PDA) or on modified synthetic dextrose-agar (SSM) solid media
as described previously (Montanini et al., 2006). N. crassa (74-OR23-1VA) my-
celia were grown in the dark at 30C in Vogel’s liquid medium (http://www.
fgsc.net/). For nutrient deprivation experiments, N. crassa mycelia were first
cultured for 24 hr in complete Vogel’s medium on a rotary shaker (200 rpm),
filtered, washed with sterile water, and shifted for 12 hr to the same medium
or to Vogel’s medium from which sucrose was omitted. Mycelia were frozen
and ground in liquid nitrogen; resuspended in 2 volumes of 1 mM EDTA,
2 mM phenylmethylsulfonyl fluoride (PMSF), 50 mM Tris-HCl, 0.1 M NaCl
(pH 7.5), and subjected to a series of differential centrifugation steps (30 min
each) carried out at 1,500 3 g (fraction F1), 14,000 3 g (fraction 2), and
100,0003 g (fraction 3), plus a cytosolic supernatant (fraction 4). Each fraction
was electrophoresed on SDS-(15%) polyacrylamide gels, electroblotted onto
nitrocellulose membranes (0.2 mm), and probed with anti-TbCVNH or anti-
NcCVNH rabbit antisera (diluted 1:5000), followed by immunodetection with
a peroxidase-conjugated anti-rabbit IgG antibody.
Anti-HIV Assay
Anti-HIV activity was evaluated by using the CCR5- and CD4-tropic HIV
attachment inhibition assays (Montefiori, 2004). For this assay, a clone of
HeLa cells (TZM-bl cells, also called JC53BL-13; The NIH AIDS Research
and Reference Reagent Program - Cat. No. 8129) that was engineered to
express CD4 and CCR5 (Platt et al., 1998) and contained integrated reporter
genes for firefly luciferase and E. coli b-galactosidase under control of an
HIV-1-LTR (Wei et al., 2002) was used. This permits sensitive and accurate
measurements of infection. Cells were treated with each protein for 30 min
prior to addition of the molecularly cloned pseudo virus HIV-1BaL. Cultures
were incubated for 2 hr with virus and thenwashed. At 48 hr postinfection, cells
were lysed and b-galactosidase activity was measured. Cell viability was
monitored on replicate plates by using a 3-(4,5-dimethylthiazol-2-yl)-5-(3-car-
boxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS)-based viability
assay (Promega, Madison, WI).
ACCESSION NUMBERS
The atomic coordinates and NMR constraints have been deposited in the
Research Collaboratory for Structural Bioinformatics Protein Data Bank under
accession codes 2jzj, 2jzk, and 2jzl for CrCVNH, TbCVNH, and NcCVNH,
respectively.eserved
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Supplemental Data include details of sequence alignment and analysis; details
of structural conservation of the tandem sequence repeats; and a list of 18
additional monosaccharides, disaccharides, and sugar alcohols that were
used for direct NMR titrations and are not present in the glycan array and
can be found with this article online at http://www.structure.org/cgi/content/
full/16/4/570/DC1/.
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